ABSTRACT -Indole-3-acetic acid (IAA), a natural auxin, induces microencephaly in rats exposed to IAA during gestation days (Days) 12−14, corresponding to the early stage of cerebral cortex development. The purpose of this study was to examine the effects of 5 IAA derivatives administration in pregnant rats on neuroepithelial cells in the embryos. N-Methylindole-3-acetic acid (1Me-IAA), 2-Methylindole-3-acetic acid (2Me-IAA), 2-Methyl-5-methoxyindole-3-acetic acid (2Me-5MeO-IAA), 5-Methoxyindole-3-acetic acid (5MeO-IAA), Indole butyric acid (IBA), and IAA were administered at 1,000 mg/kg except for 2Me-IAA at 500 mg/kg on Days 12, 13 and 14, and then embryos/fetuses were harvested on Day 14.5 or 21. The dams in the 1Me-IAA and 2Me-IAA groups exhibited rigidity and a decrease in locomotor activity. Although a decrease in the absolute brain weight was observed in the 1Me-IAA, 5MeO-IAA, IBA and IAA groups, a decrease in the relative brain weight was observed in only the IAA group. Histopathologically, apoptotic cells were observed mainly in the medial and dorsal layer of the neuroepithelium in the 5MeO-IAA and IAA groups on Day 14.5. The degree of induced neuroepithelial cell apoptosis was less in the 5MeO-IAA group than in the IAA group. However, it was confirmed that the histopathological changes induced by 5MeO-IAA were quite similar to the lesions induced by IAA and may have resulted from the same mechanisms.
INTRODUCTION
Vulnerable periods during the development of the central nervous system (CNS) are sensitive to environmental insults, as they are dependent on the temporal and regional emergence of critical developmental processes, such as proliferation, migration, differentiation, synaptogenesis, myelination, and apoptosis (Rice and Barone, 2000) . In normal neocortical development, the neuroepithelial cells in the dorsal layer of the neuroepithelium actively synthesize DNA. The postmitotic neurons migrate out of the neuroepithelium and form the preplate (O'Leary and Koester, 1993; Gressens, 2000) . This process is highly sensitive to various physical, chemical, and biological agents. Neuronal migration disorders are major causes of brain malformation in experimental animals and humans following in utero exposure to several environmental factors (Sun et al., 2002) . Induced-brain malformations have been reported in fetal rats following exposure to γ-and Xradiation (Hoshino and Kameyama, 1988) , administration of ethanol (Miller, 1986) , 1-β-D-arabinofuranosylcytosine (Ara-C) (Yamauchi et al., 2003) , 5-azacytidine (5AzC) (Lu et al., 1998; Ueno et al., 2002a Ueno et al., , 2002b , ethylnitrosourea (ENU) (Katayama et al., 2000a (Katayama et al., , 2000b , mercury compounds (Monnet-Tschudi, 1998) , N-Methyl-D-aspartate (Takai et al., 2003) , Ochratoxin A (Tamaru and Roberts, 1988) , and Methylazoxymethanol (Cattabeni and Di Luca, 1997; Ferguson and Holson, 1997) etc. Most of them induce excessive neuron death and result in microencephaly. Excessive neuron death is one of the most important mechanisms inducing neuronal migration disturbance in the developing cerebral cortex.
Indole-3-acetic acid (IAA), a plant hormone known as natural auxin, regulates plant growth (Bandurski et al., 1995) and is obtained by mammals from a diet rich in vegetable stems (Gordon et al., 1972) . It is identified in extracts from embryos of several species of animal and may play a role in the mechanisms of cell growth in animals (Ichimura and Yamaki, 1975) . It is also known as a teratogen, and can induce cleft palate in rats and mice (John et al., 1979) . Previously, we found microencephaly in fetuses from rats exposed to IAA during gestation days (Days) 12-14, the early stage of cerebral cortex development (Furukawa et al., 2004) . We speculated that the microencephaly was caused by the apoptosis of newborn neurons induced by IAA treatment. On the other hand, Folkes et al. (1999) reported that IAA and some other IAA derivatives form radicals in the presence of peroxidase and induce apoptosis in mammalian cells in vitro. In the present study, we examined histopathologically the effects on neuroepithelial cells in rat embryos treated with a series of IAA derivatives in order to investigate the relationship between in vitro cytotoxicity and neuroepithelial cell apoptosis in embryos.
MATERIALS AND METHODS

Animals
A total of 56 pregnant specific pathogen-free Wistar Hannover GALAS rats (CLEA Japan, Inc., Japan) at approximately 10-14 weeks of age, were purchased. The animals were single-housed in wire-mesh cages in an air-conditioned room (22 ± 2°C; humidity, 55 ± 10%; light cycle, 12 hr/day). Feed (Oriental Yeast Co., LTD., Japan) and water were available ad libitum.
Chemicals
N-Methylindole-3-acetic acid (1Me-IAA), 2-Methylindole-3-acetic acid (2Me-IAA), 2-Methyl-5-methoxyindole-3-acetic acid (2Me-5MeO-IAA), 5-Methoxyindole-3-acetic acid (5-MeO-IAA), Indole butyric acid (IBA), and IAA were obtained from Sigma-Aldrich Japan K. K. We selected 1Me-IAA, 2Me-IAA, 2Me-5MeO-IAA, and 5MeO-IAA, since each compound shows a magnitude difference in its cytotoxicity to V79 cells, lipid peroxidation and formation of DNA adducts in combination with peroxidase in vitro (Table 1 ). In addition, we selected IBA in order to investigate the relationship between auxin activity and neuroepithelial cell apoptosis. The logarithm of the n-octanol/water partition coefficient (Log P ow ), the acid-dissociation constant (pKa), and the water-accessible surface area (ASA w ) of these compounds were calculated by CACheWorkSystemPro6.1.10 (Fujitsu LTD., Japan) and are shown in Table 1 .
Experimental design
Day 0 was designated as the day when the presence of vaginal plugs was identified. Fifty-six pregnant rats were divided into seven groups as follows: Group 1, control (olive oil); Group 2, 1Me-IAA at 1,000 mg/ kg; Group 3, 2Me-IAA at 500 mg/kg; Group 4, 2Me-5MeO-IAA at 1,000 mg/kg; Group 5, 5MeO-IAA at 1,000 mg/kg; Group 6, IBA at 1,000 mg/kg; Group 7, positive control (IAA at 1,000 mg/kg). As IAA at 1,000 mg/kg was found to induce microencephaly following the treatment during Days 12-14 in rats (Furukawa et al., 2004) , the same dosage was selected for the other derivatives, except for 2Me-IAA. As maternal death was observed with 2Me-IAA at 1,000 mg/kg in the trial study, the dosage of 2Me-IAA was reduced to 500 mg/kg. These compounds were suspended in olive oil and administered orally (1 ml/100 g body weight of rats). Animals were treated daily during Days 12-14. All treatments were given between 8 and 10 a.m. Four rats from each group were sampled on Day 14.5 or 21. Day 14.5 was the time point when the incidence of neuroepithelial cell apoptosis induced by IAA peaked in a previous study. Animals were weighed, euthanized by exsanguination under diethyl ether anesthesia, and necropsied. The embryos/fetuses were removed from the uterus, weighed, and examined for external malformation with the aid of a dissecting microscope. The embryos/fetuses were fixed in 10% neutral buffered formalin. The brains of 6 fetuses from each dam in each group sampled on Day 21 were weighed. These experiments were conducted according to the Guideline for Animal Experimentation, Japanese Association for Laboratory Animal Science, 1987.
Histological examination
Five embryos on Day 14.5 were randomly selected from each litter. Three embryonic brains were trimmed transversely for histopathological evaluation. In addition, two embryonic brains were trimmed longitudinally in order to bring out the distribution of TUNEL-positive cells in the CNS. Their brains were trimmed as shown in Fig. 1 , embedded in paraffin, sectioned at 4-µm thickness, and stained routinely with hematoxylin and eosin (H&E). The nomenclature for the layers of the developing brain used was in accordance with that used by O'Leary (O'Leary and Koester, 1993), Furukawa (Furukawa et al., 2004) , and Bayer (Bayer and Altman, 2004 Folkes et al., 1999. b) Candeias et al., 1995. cal staining involving in situ TUNEL (Apoptosis in situ Detection Kit Wako: Wako Pure Chemical Industries, Japan) was performed according to the avidinbiotin complex (ABC) method (VECTSTAIN ABC Kit: Vector Laboratories Inc., Canada). The incidence of pyknotic cells residues on Day 14.5 was counted in each transverse anterior and posterior section in a TUNEL reaction by light microscopy with a × 40 objective.
Statistical analysis
Means and standard error (SE) were calculated. Continuous data was analyzed with the F test. When variances were homogeneous, the Student t-test was performed. The Aspin-Welch t-test was used when variances were not homogeneous. The number of TUNEL-positive cells and the incidence of cleft palate were analyzed with the Wilcoxon rank sum test.
RESULTS
The declining body weight gains of dams were statistically significant in the IBA and 1Me-IAA groups on Day 13, in the IBA, 1Me-IAA, 5MeO-IAA, and 2Me-IAA groups on Day 14, and in the 1Me-IAA group on Days 16 and 21, compared to the control group (Fig. 2) . Some dams in the 1Me-IAA and 2Me-IAA groups exhibited rigidity and a decrease in locomotor activity, and one dam in the 2Me-IAA group died on Day 14. The dams in the remaining groups showed no clinical signs. Table 2 shows the dead embryo/fetus ratio, the numbers and weights of live embryos/fetuses, and placental weights at each sampling time point, and the incidence of cleft palate on Day 21. On Day 21, although there was no significant decrease in the fetal body weights of the treated groups, those in the 1Me-IAA, 2Me-5MeO-IAA, 5MeO-IAA, and IBA groups tended to be smaller in comparison with the control group, and their suppression ratios were 22.5%, 12.6%, 11.7%, and 16.7%, respectively. Cleft palate was induced significantly in 49.5% of the fetuses in the IAA group on Day 21. No other external malformation was observed and there were no other marked differences between the control and treated groups. A decrease in the absolute brain weight was observed in the 1Me-IAA, 5MeO-IAA, IBA, and IAA groups (Table 3) . A decrease and an increase in the relative brain weight were observed in the IAA and 1Me-IAA groups, respectively. In the IAA group alone, the brains exhibited a marked reduction in size macroscopically (Photo 1).
Histological examination on gestation day 14.5
The neuroepithelial cells characterized by pyknosis or karyorrhexis and phagocytosis were scattered in the telencephalon, diencephalon, mesencephalon, metencephalon and myelencephalon of the embryos in the 5MeO-IAA and IAA groups. Most of these cells were positively stained by the TUNEL method. They were observed mainly in the medial and dorsal layer of the neuroepithelium (Photo 2). As shown in Fig. 3 , a statistically or biologically significant increase in the number of TUNEL-positive cells in the CNS was detected in both the anterior and posterior sections in the 5MeO-IAA and IAA groups. The degree of apoptosis was greater in the posterior sections than in the anterior sections in both groups. There was no apparent morphological change in the other groups.
DISCUSSION
The results of our experiments using 5 IAA derivatives demonstrated that only 5MeO-IAA treatment during Days 12-14 evoked neuroepithelial cell death in the embryo CNS. It was confirmed that the cell death was due to apoptosis, as demonstrated by the TUNEL method, which detects fragmented DNA in situ. The apoptotic cells were observed mainly in the medial and dorsal layer of the neuroepithelium on Day 14.5. It was confirmed that the histopathological changes induced by 5MeO-IAA were quite similar to the lesions induced by IAA, and might have resulted from the same mechanisms, even though the degree of induced apoptosis was less in the 5MeO-IAA group than in the IAA group and no obvious reduction in the brain size in the 5MeO-IAA group on Day 21 was observed. 5MeO-IAA is the one of the metabolites of pineal indoles including melatonin, 5-Methoxyindoles, 5-Methoxytryptophol, and 5-Methoxytryptamine induced by hydroxyindole-O-methyl transferase, and is synthesized in the pineal gland and several other organs such as the retina and Haderian gland (Balemans et al., 1978) . It was suggested that 5MeO-IAA might be an antioxidant of the pineal indole from an in vitro assay (Liu and Zhao, 2000) . However, 5MeO-IAA has not been known to induce apoptosis in normal tissue in vivo or to affect the CNS in rats. This study is the first report that 5MeO-IAA induces neuronal apoptosis in rat embryos.
Although the absolute brain weights in the 1Me-IAA and IBA groups were also reduced, the fetal weights on Day 21 in these groups tended to decrease and the relative brain weights were not significantly lower in comparison with the control group. In addition, there was no apoptosis in the neuroepithelium in these groups. Thus, a decrease in the fetal brain weights in these groups may have been caused by fetal growth retardation. On the other hand, IBA, a natural auxin, and 2Me-IAA, a substance with auxin bioactivity (Bandurski et al., 1995 , Nigovic et al., 2000 , induced fetal toxicity and dam toxicity, respectively, without neuroepithelial cell apoptosis in embryos. Therefore, it was suggested that the mechanisms of neuroepithelial cell apoptosis had no relationship with auxin bioactivity.
It is known that IAA induces cytotoxicity in fibroblasts (Folkes et al., 1999) , neutrophils (De Melo et al., 2004) , and several cancer cell lineages (Greco et al., 2002) in vitro. The combination of IAA and horseradish peroxidase (HRP) enhance cellular oxidative stress, and induce apoptosis in these cells (Folkes and Wardman, 2001; Greco et al., 2002; Kim et al., 2004) . IAA is oxidized by HRP to an indolyl radical cation, which dissociates to form an indolyl radical. The radical cation decarboxylates to form a skatolyl radical which forms adducts with DNA. The skatolyl radical can also react with oxygen to form a peroxyl radical. The peroxyl radical can induce lipid peroxidation in liposomes. These radicals induce membrane lipid peroxidation, and the incubation of activated IAA with plasmid DNA in a cell-free system results in the formation of DNA adducts and strand breaks, indicating that DNA damage could be involved in the observed cell death (Folkes et al., 1999) . It is also known that the IAA derivatives are oxidized by HRP to become an indolyl radical cation and have potential as prodrugs in enzyme-prodrug-directed cancer therapies. IAA, 1Me-IAA, 2Me-IAA, and 2Me-5MeO-IAA were cytotoxic in mammalian cells and formed DNA adducts in plasmid DNA incubation with HRP combination (Folkes et al., 1999) . Particularly, the lipid peroxidation activity in 2Me-IAA and 2Me-5MeO-IAA was higher than in the other analogues. In the present study, although 1Me-IAA and 2Me-IAA induced maternal toxicity, there was no effect on the neuroepithelium in the embryo. 2Me-5MeO-IAA induced neither maternal nor embryo/fetus toxicity. On the other hand, 5Me-IAA, which induced neuroepithelial cell apoptosis in embryos, has lipid peroxidation activity in the presence of peroxidase, but shows neither detectable cytotoxicity nor DNA adduct formation in vitro (Candeias et al., 1995 (Candeias et al., , 1996 Folkes et al., 1999) . Therefore, the neuroepithelium apoptosis of the IAA derivatives in this study was not correlated with the lipid peroxidation activity or the cytotoxicity activated by peroxidase in vitro. Thus, we could not confirm that the oxidation of the IAA derivatives was the cause of cell apoptosis in the present study. Previous studies reported that there was no correlation between the rate of oxidation of IAA derivatives by HRP and cytotoxicity (Candeias et al., 1996) and that at least one other toxicological mechanism is involved (Rossiter et al., 2002) . Various factors may also be involved in causing neuroepithelial cell apoptosis, since toxicants have to be absorbed by the maternal gastrointestinal tract into the blood, traverse the placenta, reach the neuroepithelial cells in the embryo's brain, and then act as neuronal apoptosis inducers in the present study. The physicochemical properties of the toxicants are important factors to consider in the relationship between chemical structures and toxicity, and the prediction of their toxicity. Therefore, the relationship between apoptotic incidence and three common physicochemical parameters, Log P ow , pKa, and ASA w were examined. Hydrophobicity, as described by Log P ow , is assumed to account for the capability to enter, pass through, and/or accumulate in cell membranes, and is a major driving force in predicting toxicity, distribution in humans and the environment. Ionization, as described by pKa, plays a vital role in the distribution and transport of molecules, and ultimately their toxic potency. The surface area of solute molecules, as described by ASA w , indicates the accessibility to water molecules and relates to the absorption across the walls of the gastrointestinal tract (Mark and David., 2003; Chuman et al., 2004) . In the present study, although there was no obvious link between neuronal apoptosis and the pKa and ASA w values, lower Log P ow , values when compared with other chemicals were seen in 5MeO-IAA and IAA. It is known that the rate of toxicant transport across membranes is generally proportional to their lipid solubility. However, since these substances selectively acted as a toxicant in embryos rather than dams, we speculated that their Log P ow values could be at the optimum value in the induction of the neuronal apoptosis in the embryos. Log P ow may therefore be one of the important factors inducing neuronal apoptosis in vivo.
From the present study, we found that 5MeO-IAA induces neuronal apoptosis in rat embryos, but could not clarify the relationship between the biological activity of the neuronal apoptosis and the chemical structures in the IAA derivatives. Further detailed investigations of various IAA derivatives are needed to clarify the physicochemical properties related to neuronal apoptosis in order to elucidate their mechanisms of action.
